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Cosmic Rays and Neutrinos
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lceCube Detector

[ Detector Completion Dec 2010 ]

IceCube Lab

£ - == _ IceTop
e i = T _:/81 Stations, each with

50m [— e e el L 2 IceTop Cherenkov detector tanks
e o O Y 2 optical sensors per tank
= 324 optical sensors

1] (| IceCube Array

1 86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450m|

DeepCore
/8 strings-spacing optimized for lower energies

480 optical sensors

Eiffel Tower
324 m

2450 m
2820 m
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9 strings (2006)
22 strings (2007)
40 strings (2008)
99 strings (2009)

79 strings (2010)
86 strings (2011)



Detection Methods
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— point sources

v, cascade
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lce Properties
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challenge:
-1 modeling photon propagation in ice
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paper #333 Study of South Pole ice transparency with IceCube flashers

ICRC, Aug 11-18, 2011

H.Kolanoski - IceCube Highlights 6



Overhead View

Side View
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@ lceCube Strings

(Mix of HQE and
normal DOMs)

¥ HQE DeepCore Strings
A DeepCore Infill Strings

DeepCore strings have

DOM-to-DOM spacing

% 10 DOMs with a

of 10 meters

of 7 meters

of 17 meters

DeepCore

8 dense plus the 12 standard strings in clear ice
(in IC79 equivalently 6 + 7 strings)

Energy threshold:
* down to ~10 GeV (from ~ 1 TeV)

Extends physics:
« atm v oscillations,
* low mass WIMPS
 SN/GRB physics

An early success:
Observation of atmospheric
neutrino-induced cascades
in IceCube-DeepCore

50 HQE DOMs with an
DOM-to-DOM spacing

Observation of Atmospheric Neutrino-induced

e Cascades in IceCube-DeepCore

21 Normal DOMs with a
DOM-to-DOM spacing

#329 Atmospheric Neutrino Oscillations with DeepCore

#288 Search for choked GRBs using IceCube's DeepCore
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Muon Neutrino Effective Area

Muon-neutrino effective area for an ideal km® detector
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| IceCube-22 Data vs. Monte Carlo Simulation Data |
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Angular Resolution (")
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Point Source Searqh

| TeV - PeV

24F

« time integrated all sky scan
Trial factor, e.g. each point in sky checked, delutes significance

Measures to reduce trials and enhance significance by

PeV - EeV

L 4

correlation in space and time:

* list of candidate sources (single or stacking)

« transients + multi-messenger: flares, GRB, SN ...

* independent confirmation: follow-up program (optical, X-ray, y-ray)

Beating Statistics:
Reduce Trials

ICRC, Aug 11-18, 2011
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Point Source Search in Skymap (1C40+59)

43339 up-going + 64230 down-going from 723 days

1071

Atm. neutrinos

2]
£
=

10°

2\ :
o R
- -
; :
g _ 107
< _ :
85° o gl i Ly [0
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) ] ] log, a[E:": (GeV))
unbinned likelihood test statistics:
N
ng ng L(7,, ¥)
L(n,y) = | ) (WST' + (1 — N) Bi) A= L(n. = 0) = p — value

signal term contains angular and energy pdf
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Slgnlflcance Skymap ra: 75.45 dec: - 18.15
{ papers #909 ] (I C40+59) 10%012 ; 4.65

9=239

[ Hottest spot: J/

but: 0(100000) trials

c oif Vbserved value

Fracticn of Trials
(=]
(=]
o
—

oo ﬂ ‘| Post-trial
: p-value:
"L ~67%

24h

I 4

<] 4

]
] B
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correlatlon with an object?

intriguing, but: *
ino candidate-objects

-85°

0.0 0.6 12 18 2.4 3.0 3.6 4.2 48 5.4 6.0

' NGC 1738
NGC 173%
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Neutrino Point Source Upper Limits

90% CL sensitivity for E-2 spectrum
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SuperK
ANTARES

AMANDA
IceCube 40
IceCube 80
(predicted 1C40)
IceCube 40+59
KM3NeT
(predicted)

factor 1000
in 15 years

sensitivity
to models

13



Time Dependent Point Source Searches
 papers #784, #289 |

4og,  (Pretrial p-value)

o
24h c)‘o_ ‘1‘3 IUI‘IZIZ‘IIZL»‘ 26
. _? RA (%
%10“— I—L’ .
g Post-trial
&
=T p-value:
Calendar Date . - ~1.4 %
- 2000.07.02 20004001 2010.01.01 2010.04.02 0
% 10° = Background Events ‘
2 = Best-Fit Gaussian variable i
G e = time window 10° m H
- 3' | 4I - I5I | I—Ilog‘;(lpll'etr:irm p—\l.*alluselalt Illt;tlgesl spogjo
103 E_
] interesting fluctuation!
0 T J ' J ‘ however, no known object
L ‘ LA DL LA L L found in this region of sky
55000 55050 55100 55150 55200 55250 55300

Event Time (MJD)
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Follow-Up Programs

IceCube sees always the full sky!

* Trigger other instruments (IACTs, X-ray satellites, optical telescopes . . .)

papers
#334

#535
#445

}ﬁ] SN/GRB

* Multiplet trigger:
(example optical)

- angular window 4°
- time window 100 s

- Delay < 5 min

Institute in
the North
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[ papers #764]

ICRC, Aug 11-18, 2011°

Gamma Ray Bursts

Searches for neutrinos produced
by p+y interactions by internal jet

10|

IC40: arXiv:1101.1448

ICECUBE-40
Waxman & Bahcall
IC40 Guetta et al.
ICECUBE-59

IC59 Guetta et al.
COMBINED LIMIT
IC40+59 Guetta et al.

90% c.l. =0.22 x model

Ll

8 events expected
0 events observed

RN

Parameters: boost
and time scale

#288 Search for choked GRBs using IceCube's DeepCore

H.Kolanoski - IceCube Highlights
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Search for a Diffuse Flux of Cosmic Neutrinos

« muon neutrino flux

 electron/tau neutrino flux (cascades)

« Extremely-high Energy Cosmic Neutrino Flux

Background:
« atmospheric neutrinos at low energies
« cosmic ray muon bundles at high energy

« Rejection: mostly energy dependence, harder spectrum e.g. E-2

ICRC, Aug 11-18, 2011 H.Kolanoski - IceCube Highlights 17
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Diffuse u Neutrino Flux

papers #736
#833 (atm)
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Diffuse All-Flavour Neutrino Flux

 Access to all-flavour fluxes, Cascades
« better energy resolution than for y neutrinos
» IceCube starts seeing cascade candidates --

but understanding of background has to be worked on

Limits and Models

IC40 cascades (all flavour) 332 d Prelim.
IC40 UHE (all flavour) 345.7 d Prelim.
IC40 EHE (all flavour) 333.5 d Prelim.
IC40 muens 375.5 d Prelim.

IC22 cascades (all flavour) 257 d
€22 UHE (all flavour) 200 d Prelim.
Waxman Bahcall 1998 x 3/2
Razzaque GRE Progenitor 2003
Waxman Bahcall Prompt GRB
Blazars Stecker 2005

BL LACs Mucke et. al. 2003
ESE Cosmogenic v +v 2001

W.B. ~10 candidates for
cosmic v’s found in 1C40

T
X
w
M
L
m

UHE

Background?
charm?

-
<
=y
I IIIIlII| | IIIIII-| | IIIIICIL I IIIIIII| T TTE
Y
(2]
Q
Y
Q.
D
(2]

diffuse flux in cascades:
10-1‘] 11 1°1 | 11 1 1 | 1.1 1 | L1 1 1 | L1 1 1 | 11 1 1 | I 1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 #0759 (IC40)
3 4 5 6 7 3 9 10 | 11E 12}‘{3 \}13 #1097 (atm)
0g,,(Energy/GeV) #0324 (IC-DC IC79, atm)
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Constraints on the EHE Neutrino Flux (1C40)
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— \IC40 (2008-09) v‘—" =

— W-B bound T
IC86 (1 year)
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[y
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-1

possible
improvements
(e.g. IceTop veto)

[y

<
e
|

10‘9 B Cosmogenic v models
| with the Fermi diffuse photon constraint
10_10 | s Ahlers et al. Max. Fit
a L &S Ahlers et al. Best Fit
10 B
6 8 10
logw(Energy/GeV)

limits are touching GZK predictions of “guaranteed” EHE neutrinos
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Exotics: Dark Matter, Monopoles ....

Dark Matter Searches: SUSY, WIMPS, KK :
. cosmology constraint for DM:
Dark matter search strategies

. <‘ = 0.21 WMAP
1. Direct detection > 5 / p;{ 1 0—25

3 -1
’ QZ = ~ cm’s
)0 crit < O-Ann % >

O(Weak interactions)
2. Indirect detection > lceCube 90% C.L. Upper Limit
" * " Preliminary Gal“Genter —+—
10729
7 i
™ 22
= 10
S,
g: Meade et al.
NP B831, 178 (2010)
< 3. Production at the Large Hadron Collider v 10724 |+ PAMELA Data N
papers: Sun #327, #292 (IC+DC), e NBWITAISCRIS | e
Galaxy #1187, 0B —
Dwarf Spheriodals #1024 10 10 10

WIMP Mass m, [GeV]
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WIMP Annihilation in the Sun

e o " . . Amanda+|C22+1C40 (2001-2008)
R [ paper #327 }
R oL for Sun below horizon
. e © L. tlet . see also for IC22:
- §ee PRL 102 (2009) 201302
o 0.05<0, h* <0.20 MSSM Limits
o <oln COMS(2010)+XENON100(2010)
——a [C/Amanda 2001-2008, W' W, 7' 7 form < my
Model dependent conversion o - - - IC/Amanda 2001-2008, 6
of u flux to WIMP properties: T 10°F n  —— IC86 180 days Sensitivity, W W~ "1 form, <y
y-proton cross section: I : SuperK 2004
)
<
A 10°F
- [il]
'Ol’f(v) cOoSmo- g
o.nn @nnihilation logy %
= 10°
- Oy - accumulation in Sun T
g
- branching ratios \ =
. 2 -
/\ direct 10
theory searches - 3
(SUSY, ...) 10" 10° 10° 10*
i WIMP mass [GeV]
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Relativistic Monopole Search

. . . . paper #734
Monopole flux limits assuming an isotropic flux at the detector
B "‘ IC-22 limit
1014 PRELIMINARY | _____... IC-40 sensitivity
E o] mmeeea AMANDA down-going
' —  AMANDA up-going
x \ —————  BAIKAL TGUT
107
T E Parker lexistence of
U] | m— ey —————————————————————————————————————————————————————— il it | . .
o i MACRO down-going cosmic B-fields
08 MACRO up-going
s F
e B
07 future: slow monopoles
1D'13 :_ --------------------------------
1: | | | | | | | | | | | | | | | | | | | | | | |
0.8 0.85 0.9 0.95 1
p

* 0O(1000) below bound from existence of
galactic B-field (Parker )

Event time H ration~400pus
 Limits seriously constraint GUT models challenge for data acquisition

Run 3180( Event 6 [On
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Cosmic Rays

lceCube with IceTop as a 3-dimensional cosmic ray detector

» atmospheric neutrino flux (all flavour)
» atmospheric muon flux
« Cosmic Ray anisotropy

« Cosmic Ray composition

ICRC, Aug 11-18, 2011 H.Kolanoski - IceCube Highlights
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Cosmic Rays: atmospheric muon flux

muon separation spectrum
out to hundreds of meters

., 40000Q0ns

High-pT muons
modeled by QCD
simulation (m, K, c, b, ..)

ICRC, Aug 11-18, 2011

paper #323 — Test of hadronic models and composition

The ice is an effective high-energy muon filter:
unprecedented detector

]

)

oy e s { paper #085
of in-ice muon spectrum

I T T TTT

—h—t—_‘__‘—-g—_.‘-_—|_—‘__:£::3:_#_+

Data/MC Ratio

v —g— Constant Composition

Mass-Dependent A y

—i— Rigidity-Dependent Ay

log (E [GeV])

surlreco

#662 Seasonal variations of high energy cosmic ray muons observed
by the IceCube Observatory as a probe of Kaon/pion ratio
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Rate in Hz

Atmospheric Neutrinos in IC79-DeepCore | paper #324 |

Results for 281 days (preliminary)
Systematic Uncertainties NOT included

5[]3‘;1["& Osig — Vi}fc + VS'C + VEJ;\TC
3 Sum Bartol cha _ ,CC <-cascades
451029 events/281d I Y
] L B N S o VA
E sl e_ V
35— Nbg _ I/C,C, + VE\TC e
- o o
30 ~  Bartol Cascades
250" Honda2006Cascades |
20— Bartol v
15 E_'"""""""""""'"' T '""""'"'""""'l_'l";'l_'lagz'a'u'a:::'Ei:'
10/ ‘
5 |
- I‘*~Jr:.:|I events in 28 hu:rurrs of CR muon MC |
u Il 1 Il 1 [l 1 1 1 1 Il 1 1 1 [l [l [l 1
i £} i i
First clear observation of cascades in IceCube {840 H §i
at 10-300 GeV T
=» oscillation studies become possible (paper #329)
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Cosmic Ray Anisotropy
Compared to Northern Sky

equatorial coordinates
5 TeV

Tibet-lll

1.002
1.001

1.000

0.999
0.998

J i i
TaNN

-
AN

lceCube-59

the orientation of the dipole moment
does not correspond to the relative motion
in the Galaxy (Compton-Getting effect)
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Cosmic Ray Anlsotropy vs Energy in lceCube-59

20TV 400TV
2 0,09 2 ey [papers#305 #308}
a: 0.08F ‘L ‘L _
ug 0.07F \ E _ _
£ 0.06f : 1« first time structure at large energy observed
3 0.05E - :
8 o 3 « structures at 20 TeV and 400 TeV differ
0.03F -
0.02E
0.0 0O(1019) events
0
'I.UUI!J:
\ - 100 . 3
51_00055;)1*";' “‘i\ . 3
_ 210005 .
d 20Tev $ t \ AR
& 0.9995] \ 4 r
: S :
ogoef o Cww
] 50 100 150 200 250 300 350:1[0]
‘I.UU15:
- 1004 l
b Pt
m 400Te\fé 1 }{ H ]HH
. £ 099950 H
11 0.9995— l%

i 1 1 i 1
] 50 100 150 200 250
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Multiple Scale CR Anisotropy

[ papers #306]

an/{ne™]

43.18 + Data
+ Estimated background in 4 hours

} M ..
W P70
| ﬂ + w * |

43.04 -

43.16 -

43.14 - 'Hi

43.08 -

~
w
e
N

counts x10°
S
[
s
o

Right Ascension [”]

L L L L L L L
350 300 250 200 150 100 50 0

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

significance

reference line from
time scrambling over 4 hours

What makes the structures?
Does it tell us something
about our galactic neighbourhood?

ICRC, Aug 11-18, 2011 H.Kolanoski - IceCube Highlights 29



Cosmic Rays: spectrum and composition

lceCube/lceTop's Strength

electro-mag.
particles: MeV'g

LE Muons

lceTo sgV's

HE Muons 1000 |- o
TeV'’s : +

100

lceCube

10

number of muons N, (Eu > 500 GeV)

ThE L vt

t il
10° 10° 10
em. shower size N, (E,> 1 MeV)
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lceTop —

—+%— IceCube/lceTop-40 (this work) x

< v
Lﬁf—" al]-])a:lic]espccira % ¥
31045_ i D e [ paper #923 ] pr'e“rn”']a‘rry'r ._+_. + '
2 [ preliminary @ g ]
- %f%%ﬁ |C40: Y i £ 0
r:u L]
s, unfolding: — .
i energy & mass|——> P
L
%
=

. ¥ With upward systematic shift applied to K?
102} dominated | A
E | L L | " With downward systematic shift applied to K?n
10® 107 10% . . . . s . .
E/GeV 6.2 6.4 6.6 7 7.2 7.4 76

Prospects IC79
(nearly complete detector):

still systematics

nlce Coincidences

1_
———— Minimized NN Output, statistical errors

log ; ﬂ[Energy,fnicn GeV)

~ 15 ev./year

_E > 1 EeV
E
[ paper #838 ] 2
[ related papers } ... PRELIMINARY |
#807, #379, #899, #939 “chowersize | log (S3/VEM)
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Low energy transient rate variations from
Sun, SN, GRB,

Forbush Decrease in IceTop #921 Since the first Sun flare

T 800 SR ——— SN SN — - _
L R S w 5 .. Solar wind speed ] observation Dec 13, 2006:
o e B WWM WNWMWW'LMW o ApdJ Lett 689 (2008) L65
= 0 Lo a1 s L 0 Loy oy l ..... I ..... N I ..... I .....
N ouap b T T T T T rr T T T T ]
& 1400 : ~ lceToprates IceTop increased
s SN e WUl nast S spectral sensitivity
= Ul NP NP [N L, Ly Ly N [P [ . . .

0217 Q247 0218 Q218 028 0218 029 0219 0219 0219 0220 taklng differential rates

12:00 18:00 00:00 06:00 12:.00 18.00 00:00 06:00 12:00 18:00 00:00

at multiple thresholds
Supernova detection #1137

1990 Milky Way (center) no oscillation 0.5 + | lceCube is the largest SN detector
i normal hierarchy 0.5 s 4 |
' inverted hierarchy 0.5s « | and part of SNEWS network
100 | 1 . .
8 . Miky Way (edge) i - detection by rate increase of 5160 DOM
S M., ' ith <noise> = .
g | e, e | W|tr_1 noise>pn, = 286 Hz;
Ug; 0.1y~ false trigger rate T 1SMCy Uptlme ~ 98%
10 FSNEWS ltrigger threshold % I
intemal {rigger threshold % 42 ] - depending on distance sensitivity to
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Future

N HE: radio, acoustics, ...
percaios” - cosmogenic neutrinos

- LE: DeepCore + extension (PINGU)
radoo signa - oscillations

- galactic sources

/ optica - dark matter

- SN neutrinos

- proton decay

Pingu-I
18 additional strings with about 1000 DOMSs
in the 30 MT DeepCore = Cherenkov imaging

#0325 First Step Towards A New Proton Decay Experiment In Ice
The Radio Air Shower Test Array (RASTA) —
#1102 )
enhancing the IceCube observatory
#0316 Status and recent results of the South Pole Acoustic Test Setup
#1236 IceCube Radiofrequency extension
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|CECUBE
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10 countries, 36 institutions, ~260 collaborators
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Summary

« lceCube is complete and reached expected performance (or even better)

* Results from the partly completed detector (1C22,40,56,79) reached sensitivities
which are becoming to seriously challenge models:

©)

O
O
O
O

point source limits all sky, time (in)dependent, candidate list,

GRB limits exclude models (W&B model)

WIMP limits extend to not else excluded parameter space

Monopole limit well below “Parker Bound”

Diffuse: factor 4 below W&B bound; EHE: in the range of GZK predictions

* Improve sensitivity by multi-messenger methods

@)
@)
@)

@)
@)
@)

©)

@)
@)
@)

pre-selected candidate sources (single or stacking)
transients/time dep.: flares, GRB, SN ...
follow-up program (optical, X-ray, y-ray)

... hot only limits:

atmospheric neutrino and muon spectrum, large p; muons
cosmic ray anisotropy on various angular scales

CR composition: IceCube/lceTop has unique capabilities
heliosperic physics

Future: exploit existing, improve and extend:

DeepCore: low energy extension, atm. Oscillations, low mass WIMPS
high energy extensions: radio, acoustic, ..
Low energy: Cherenkov imaging, proton decay, ...
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